The therapeutic potential of EcA is limited due to immunogenicity and short half-life in patients. Results: Several EcA variants were constructed that showed markedly reduced immunogenicity and cytotoxicity against leukemic lymphoblasts. Conclusion: Small changes in subunit interface and B-cell epitope significantly reduced immunogenicity and enhanced cytotoxicity. Significance: These variants have promising potential in the advanced asparaginase therapy of leukemia.
Targeted engineering is an especially promising approach in the field of proteins with therapeutic applications. By applying single or multiple amino acid exchanges, fundamental properties of proteins can be adjusted to meet the requirements of existing biotechnological or medical applications or to tailor them for novel ones. As the majority of protein therapeutics is not of human origin, many of them are recognized as foreign by the human immune system. This often leads to hypersensitivity reactions or the formation of antibodies against the respective protein, the so-called anti-drug antibodies (ADA). 2 Moreover, the majority of such proteins have stability as well as systemic toxicity issues. There are several approaches to generate proteins with desired properties such as directed evolution, structure-based targeted mutagenesis, and humanizing the protein by modifying relevant B-cell and helper T-cell epitopes.
In this study, we focused on the engineering of Escherichia coli L-asparaginase isoenzyme II (EcA) that has been used for decades in the treatment of childhood acute lymphoblastic leukemia (ALL), a disease that affects lymphocytes and lymphocyte precursor cells in the bone marrow (1, 2) . EcA is also used in the treatment of other leukemias, such as Hodgkin lymphoma, chronic lymphocytic leukemia, and acute myelocytic leukemia (3) . EcA is a homotetrameric enzyme that hydrolyzes asparagine to aspartic acid and ammonia (4) . Basically, the therapeutic application of EcA is based on the fact that the transformed blasts that cause ALL have lost the ability to synthesize asparagine from aspartate due to very low levels of the enzyme asparagine synthetase. As asparagine is indispensable for protein synthesis, the blast has to take it from the blood plasma to build new proteins. EcA administration leads to the depletion of asparagine in the bloodstream and it therefore interferes with the proliferation of the leukemic blasts, ultimately driving them into apoptosis (5) . Moreover, it was shown that L-asparaginase therapy interferes with cellular signaling pathways (6) and inhibits the expression of oncogenic translation factors (7) .
The current protocols for the treatment of ALL use a combination of 10 or more drugs, including EcA as an integral part of the chemotherapy. There is evidence that EcA potentiates the antileukemic effect of drugs (8) and markedly improves outcome and overall survival in childhood ALL (9 -11) . Recent studies have also indicated that novel herbal compounds from different medicinal plant sources also have the potential to reduce leukemic blasts in different lineages in in vivo and in vitro conditions (12, 13) . However, the use of EcA in chemotherapy is accompanied by a number of undesired side effects. Because of the bacterial origin, EcA administration may cause strong immunogenic and hypersensitive reactions in the patients, necessitating withdrawal of the drug (14) . Sensitive individuals react to repeated EcA administration with formation of ADAs that bind to and thereby inactivate the enzyme (15) . This leads to inadequate plasma levels of the EcA, which limit its efficacy. However, it was reported that not all patients with hypersensitivity develop ADAs, and not all patients who develop ADAs exhibit hypersensitivity (16, 17) . Another serious drawback of the anti-leukemic drugs is their generalized cytotoxic effects on healthy cells along with leukemic cells. Although a number of attempts have been made to alleviate these problems by rational protein engineering, the optimization of therapy with EcA for ALL patients still remains a challenge.
In previous studies, we have attempted to improve the properties of EcA by amino acid exchanges at dimer-dimer interfaces. These experiments showed that mutations of certain amino acid residues change the enzyme's substrate specificity, the flexibility of an active site loop, and the overall stability of the enzyme protein. 3 Moreover, we have shown that the glutaminase side activity of EcA, which is partly responsible for neurotoxicity, can be markedly reduced by site-directed mutagenesis (18) . In another study, we have identified several B-cell epitopes on the surface of EcA that are responsible for the immunogenicity (19) . These data now provide a sound basis for a knowledge-based engineering of EcA aimed at the reduction of formation of ADA. A study by Jianhua et al. (17) on a single EcA epitope suggests that the antigenicity of EcA, at least in vitro, can indeed be reduced in this way. The aim of this study was to create EcA variants that can enhance the therapy of ALL. In the light of this, we succeeded in creating variants that showed greater cytotoxicity and reduced glutaminase activity in leukemic cell lines and lymphoblasts isolated from patients with ALL. Mice experiments showed that K288S/Y176F variant is significantly less immunogenic than wild-type EcA. Interestingly, sera obtained from mice immunized with wild-type EcA and the ALL patients after several weeks of asparaginase therapy recognized the K288S/Y176F mutant significantly less than the wild-type EcA. We also present evidence indicating that the killing of leukemic cells by EcA occurs through the induction of apoptosis, rapid depletion of asparagine, down-regulating transcript of asparagine synthetase, and arresting the cells at G 0 /G 1 phase rather than by inducing DNA damage and micronuclei formation.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-The EcA encoding the ansB gene cloned in plasmid pTEW1 (ansB-pTEW1), previously developed in our laboratory (20) , was used as template for PCRbased site-directed mutagenesis using the QuikChange XL II kit (Agilent Technologies, Santa Clara, CA). A pTEW1-type plasmid harboring the gene encoding variant W66Y was kindly provided by Dr. C. Derst, Berlin, Germany. The mutagenic primers (all synthesized by MWG Biotec, Germany) were as follows: EcA (Y176F), 5Ј-TCTGTTAACTTCGGTCCTCTG-3Ј, template pTEW1; EcA (Y176S), 5Ј-TCTGTTAACTCCGGTCC-TCTG-3Ј, template pTEW1; EcA (K288S), 5Ј-GTGGATGATG-CGAGTTACGGCTTCGTCGCCTCTGGC-3Ј, template pTEW1; EcA (K288S/Y176F), 5Ј-GTGGATGATGCGAGTTACGGC-TTCGTCGCCTCTGGC-3Ј, template pTEW-Y176F; EcA (K288R), 5Ј-GTGGATGATGCGCGCTACGGCTTCGTCG-CCTCTGGC-3Ј, template pTEW1; EcA (K288R/Y176F), 5Ј-GTGGATGATGCGCGCTACGGCTTCGTCGCCTCTGGC-3Ј, template pTEW1-Y176F (mutagenic base changes are shown as underlined boldface). In each case, the mutated codon was flanked by at least 10 bp on each side. DpnI-treated PCR amplicons were transformed into XL10-Gold ultracompetent cells. The mutant gene was excised by EcoRI/HindIII digestion and subcloned into pTWE1. In each case, the mutant genes were sequenced to exclude the presence of additional unwanted base changes. The mutants were propagated using the replica plate method.
Expression and Purification of EcA-Wild-type EcA and mutants were expressed in E. coli BL21⍀, released from the periplasm by osmotic shock and purified by fractional ammonium sulfate precipitation and chromatofocusing as described previously (21, 22) . Final purification was achieved by gel filtration on a Sephacryl S-300 column equilibrated and eluted with 100 mM Tris/HCl, pH 7.0. Protein concentrations were determined by the BCA method (23) . With purified EcA preparations, UV spectrometry was employed, using the relationship A 280 (0.1%) ϭ 7.4 (i.e. a 10 mg/ml solution has an absorption of A 280 ϭ 0.74). Molecular masses of the purified proteins were determined by denaturing gel electrophoresis (12% SDS-PAGE) and/or gel filtration.
Enzyme Assays-The asparaginase activity of EcA was routinely measured as described previously (24) using the synthetic substrate L-aspartic ␤-hydroxamate (AHA) purchased from Sigma. Briefly, after stopping the reaction with trichloroacetic acid, the NH 2 OH liberated from AHA was quantified by reaction with 8-hydroxyquinoline at alkaline pH. To study the effect of serum on the activity of asparaginase, each enzyme was incubated with (10% human serum) or without (HEPES buffer) serum for 1-6 days (25) , and activity was measured by described above. One unit of activity is defined as the amount of enzyme that liberates 1.0 mol of NH 2 OH from AHA per min at 25°C. The glutaminase side activity of EcA was determined by a discontinuous coupled enzymatic assay as described pre-viously (26 -28) . In the first step, L-glutamine is hydrolyzed to L-glutamate and ammonium ion. In the second step, catalyzed by glutamate dehydrogenase, the ammonium ion formed in step 1 reacts with 2-oxoglutarate and NADH to form L-glutamate and NAD ϩ . In step 1, reaction mixtures (1 ml) containing 10 mM L-glutamine and 5 g of enzyme in 50 mM phosphate buffer, pH 7.4, were incubated for 10 min at 37°C followed by addition of 100 l of 3 M HCl to stop the reaction. In the second step, 600 l of reaction mixture from step 1 was added to Tris/Cl (100 mM, pH 9.0), NADH (2 mM), and 2-oxoglutarate (3.3 mM) in a total volume of 3 ml. Glutamate dehydrogenase enzyme (22 units) was added to the mixture and incubated for 30 min at 37°C. NADH consumption was measured by the decrease in absorbance at 340 nm. The enzyme activity was calculated using the molar absorption coefficient of NADH (6220 M Ϫ1 cm Ϫ1 ).
Determination of Ammonia Release Using Nessler's Reagent-The hydrolysis of asparagine to aspartate by asparaginase leads to the release of the ammonia group that can be measured by Nessler's reagent. The amount of ammonia released corresponds to the rate of asparagine depletion due to asparaginase activity. Therefore, to determine the activity of the EcA variant, the EcA variants (20 g/ml) and the substrate L-asparagine were incubated at 37°C. After 10 min, the reaction was stopped by adding 0.1 ml of the 1.5 M TCA. The amount of ammonia released was determined by adding Nessler's reagent, and the absorbance was measured from 300 to 600 nm.
Isolation of Peripheral Blood Mononuclear Cells (PBMCs)-PBMCs were isolated from buffy coats as described elsewhere (29) . Briefly, after sedimentation with 2.5% dextran T-500 (HiMedia, India), 25 ml of supernatant was carefully layered over 15 ml of Ficoll and centrifuged at 1,600 rpm for 30 min with brake and acceleration. After centrifugation, the interphase was collected and centrifuged again at 1,800 rpm for 10 min. Subsequently, the pellet was resuspended in 1ϫ phosphate-buffered saline (PBS) and centrifuged at 1,000 rpm for 10 min. Finally, the pellet was resuspended in RPMI medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS). Approximately 3 ϫ 10 5 cells were seeded and treated with 0.8 units/ml of purified wild-type EcA and mutants for 96 h. Untreated cells were taken as negative control.
Isolation of Lymphocytes from ALL Patients-All research using patient material was approved by the Institutional Review Boards of Kalinga Institute of Industrial Technology University and Shrirama Chandra Bhanj Medical College. Written informed consent was provided by the study participants. Lymphocytes were isolated from peripheral blood and bone marrow obtained from ALL patients by the Lymphoprep TM Axis shield as described previously (29, 30) . Briefly, blood samples were collected in a tube containing anticoagulant and diluted by addition of 0.9% NaCl in a 1:1 ratio. 6 ml of the diluted blood was layered over 3 ml of Lymphoprep TM and centrifuged at 800 ϫ g for 20 min (ϳ20°C) in swing-out rotor. After centrifugation, the mononuclear cells from a distinct band were taken out carefully with the help of a Pasteur pipette. Subsequently, the harvested fraction was diluted with 0.9% NaCl or medium to reduce the density of the solution and centrifuged for 10 min at 250 ϫ g. The cells from the pellet were collected, and ϳ3 ϫ 10 5 cells were treated with 0.8 units/ml of purified wild-type EcA and mutants for 96 h. Untreated cells were taken as negative control. Finally, flow cytometric analysis was performed by analyzing 10,000 gated cells using a FACS Canto II flow cytometer and FACS Diva software (BD Biosciences).
Enzyme-linked Immunosorbent Assay (ELISA)-The antigenicity of EcA and mutants was estimated by indirect ELISA using a modification of the protocol described by Wang et al. (31) . Wells of microtiter plates were coated with 100 l of EcA solution (2-5 g/ml) in 50 mM carbonate/bicarbonate buffer, pH 9.5, and incubated overnight at 2-8°C. Then the plates were drained without washing and blocked for at least 90 min at room temperature with 300 l of 0.1 M PBS, pH 7.2, containing 0.1% BSA and 0.05% Tween 20. The plates were again washed three times with 0.05% Tween 20 in PBS (PBST) before 100 l per well of 1:8,000 diluted primary antibody (anti-EcA IgG fraction from Abcam) in PBST was added. After incubation for at least 1 h at room temperature, the plates were washed as described above and incubated with 100 l of HRP-conjugated polyclonal goat anti-human IgG (1:10,000 v/v; Thermo Scientific, Rockford, IL) for 1 h at RT. After another four washes with PBS, the wells were incubated with 100 l of freshly prepared 2,2Ј-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid, 0.5 mg/ml, in 0.03% H 2 O 2 , 0.1 M Na 2 HPO 4 , and 0.08 M citric acid, pH 4.0, for 30 min in the dark. Finally, the absorption was measured at 405 nm using a microplate reader (Epoch, Biotek).
Immunization Schedule of Mice-Six-to 8-week-old female BALB/c mice were used for all immunization experiments. All mice were kept in our animal facilities, in high efficiency particulate air (HEPA)-filtered cages under 12-h light cycles and were given sterile chow and autoclaved water ad libitum. All animal experiments were performed in accordance with national guidelines for the care and handling of laboratory animals and have been approved by the Institutional Animal Ethical Committee. Mice (five mice per group) were first bled prior to immunization to collect pre-bleed and then immunized subcutaneously (31) with 30 g of purified EcA and K288S/Y176F variant emulsified in an equal volume of Freund's complete adjuvant at a final concentration of 0.5 mg/ml. Three weeks after primary immunization, the mice were again immunized (day 21, boosting immunization) with wild-type and K288S/ Y176F variant emulsified in Freund's incomplete adjuvant. Then the mice were rested for 45 days and then immunized for the third time (day 66) following the same protocol used for the second immunization. One week after the second and third immunization, blood samples were drawn. Sera were prepared after centrifugation of coagulated blood at 2,000 rpm for 30 min, and samples were stored at Ϫ20°C until further analysis. Sera obtained before immunization (pre-bleed) were used as control to obtain a reference base line for serum antibody titers.
Antibody Titer Determination by ELISA-The titer of IgG and IgM antibodies was determined in sera obtained from wildtype EcA and K288S/Y176F-immunized mice and ALL patients using indirect ELISA. Antibody titer was expressed as the dilution of serum that gave an absorbance of 0.2. Microtiter plates were coated overnight with wild-type EcA and K288S/Y176F proteins dissolved in 0.05 M Na 2 CO 3 /NaHCO 3 buffer, pH 9.6, at 4°C, washed, and blocked using 1% BSA in 0.05 M Na 2 CO 3 / NaHCO 3 buffer, pH 9.6, for 8 h at room temperature. Then 100 l of serial dilutions of serum samples (for IgG and IgM) in PBST, pH 7.2, were added to duplicate wells and incubated overnight at 2-8°C. The plates were then washed three times with PBST and incubated with 100 l per well of a 1:2,000 dilution of commercially available antibodies (goat anti-mouse IgM or anti-mouse IgG, Sigma) in PBST and incubated for 3 h at RT. The plates were washed three times with PBST and incubated with 100 l of HRP-conjugated polyclonal rabbit antigoat Ig (1:2,000 v/v; Sigma) for 2 h at RT. The wells were then washed four times with PBST, and the wells were incubated with 100 l of freshly prepared 2,2Ј-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid ( 0.5 mg/ml) in citrate phosphate buffer, pH 4.0, containing 2 l of 30% H 2 O 2 for 20 min in the dark, and absorption was measured at 405 nm. The human serum was also used the same way as described above except for using goat anti-human IgG antibody for detection of the titer of human antibodies in the ALL patient sera.
Cytotoxicity Assay-An MTT (MP Biomedicals) viability assay was performed (32) to estimate the cytotoxic activity of EcA variants against Ramos cells (obtained from American Type Culture Collection) and the MV4:11 cell line (kindly provided by Dr. Vaskar Saha, University of Manchester, UK). Ramos cells are immortalized B-lymphocytes, and the MV4:11 cell line is a human acute monocytic leukemia cell line. Cells (5 ϫ 10 3 /ml) of each type were grown in RPMI in 24-well plates (Tarson, India) at 37°C, 5% CO 2 , for 24 h. The next day, the cells were centrifuged at 900 rpm for 5 min at room temperature; the supernatant was removed carefully, and the cells were treated with different concentrations of purified wild-type EcA and mutants for 96 h. To determine the cell viability, MTT dye (500 l from 0.1 mg/ml stock) was added to each well and incubated for 1 h at 37°C, 5% CO 2 in the dark. The cells were then collected by centrifugation at 900 rpm for 5 min. The formazan crystals formed as a result of cellular reduction of MTT were dissolved in dissolving buffer (11 g of SDS in 50 ml of 0.02 M HCl and 50 ml of isopropyl alcohol) and incubated for 1 h at 37°C; then the absorption was read at 570 nm in an ELISA reader (Biotek, Germany). The percentage of viable cells was calculated as cell viability (%) ϭ average A of wells/average A of control wells ϫ 100.
Apoptosis Assay-The percentage of apoptotic cells was determined by using the annexin V/FITC apoptosis detection kit (Sigma). Briefly, cells (3 ϫ 10 5 /ml) in 2 ml of RPMI medium were grown in culture flasks (Tarson, India) overnight at 37°C. The medium was then removed, and 3 ml of fresh medium containing 0.8 units/ml of EcA or variants was added, and the flasks were incubated for another 96 h. The cells were collected and washed three times with Dulbecco's PBS (0.1 M, pH 7.4). 500 l of 1ϫ binding buffer was added, followed by 4 l of annexin V-FITC and 8 l of propidium iodide, followed by a 10-min incubation at room temperature in the dark. Untreated cells were taken as negative control. Finally, flow cytometric analysis was performed by analyzing 10,000 gated cells using a FACS Diva software (BD Biosciences).
Western Blotting-MV4:11 cells were seeded on 12-well plates at a density of 3 ϫ 10 5 cells per well and incubated overnight. The next day, the cells were treated with wild-type EcA and mutants and harvested at the indicated time points. The pellets were washed twice with ice-cold PBS and resuspended in lysis buffer for 45 min at 4°C. The cells were centrifuged at 14,000 rpm for 25 min to remove the debris. The supernatant was collected, and protein estimation was done by the Bradford method. Approximately 50 g of protein lysate per well was separated on a 12% SDS gel and transferred to a PVDF membrane. Membranes were blocked overnight in either 5% nonfat milk or 5% BSA in 1ϫ TBS-T (Tris-buffered saline containing 0.05% of Tween 20) at 4°C and immunoblotted with primary anti-caspase-3, anti-Bcl-XL, anti-PARP, and anti-cytochrome C antibodies (1:1,000). After primary blotting, the membranes were probed either with secondary anti-rabbit or anti-mouse antibodies (1:1,000) for 2 h, and signals were detected using ECL reagent. Chemiluminescence was detected with Kodak X-Omat films. The anti-␤-actin antibody was used as the loading control.
Quantitative Real Time PCR-MV4:11 cells were treated with 0.8 units/ml EcA variants for 12, 24, and 48 h. Total RNA was isolated using TRIzol reagent according to the recommendations of the supplier (Invitrogen). The concentration of the RNA was determined spectrophotometrically. cDNA synthesis was performed using cDNA synthesis kit (Thermo). The synthesized cDNA was used as a template for RT-PCR amplification using gene-specific primers. The primer pairs used for asparagine synthetase were forward 5Ј-TGCTTTCACCTTCA-ACTGCC-3Ј and reverse 5ЈTTCTGTACTTGGTCGCCTGT-3Ј; and for GAPDH were forward 5Ј-AGGGCCCTGACAACTCT-TTT-3Ј and reverse 5Ј-AGGGGTCTACATGGCAACTG-3Ј. The volume of all the reaction mixtures was maintained at 10 l using SYBR Green PCR master mix (Applied Biosystems) and carried out in Real Plex master cycler (Eppendorf, Germany) with initial denaturation at 95°C for 10 min, final denaturation at 95°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 30 s. The mRNA levels were normalized to the transcript levels of GAPDH, and the relative fold changes were calculated by calculations based on the real time PCR efficiencies.
Cell Cycle Analysis-MV4:11 cells (3 ϫ 10 5 /ml) were grown overnight in 12.5-cm 2 culture flasks and then treated with 0.8 units/ml of EcA or variants as mentioned above. After 96 h of incubation, cells were harvested, washed with 1ϫ PBS, and fixed in ice-cold 70% ethanol for 1 h at Ϫ20°C. Following incubation, cells were centrifuged at 1,500 rpm for 5 min and washed two times with 1ϫ PBS. Cells were stained with 250 l of the propidium iodide (50 g/ml stock) containing 10 g/ml RNase, incubated at 37°C for 1 h in the dark, and analyzed by FACS Canto II flow cytometer (San Jose, CA). The acquired data were analyzed using FACS Diva software (BD Biosciences). In each case 10,000 cells were analyzed.
Comet Assay-The effect of EcA variant treatment on DNA damage was determined by alkaline single cell electrophoresis (Comet) assay. MV4:11 cells were treated with 0.8 units/ml of W66Y for 96 h. Untreated cells were used as control. Cells were trypsinized, and cell suspension was prepared in 1ϫ PBS. 10 l of cell suspension was mixed with 60 l of 0.5% low melting agarose. A thin smear of cell suspension was prepared in glass cavity slides (Blue Label Scientifics, Mumbai, India). The agarose was allowed to solidify in the dark at 4°C for 45 min, and then the slides were submerged in lysis solution (10 mM Tris, 100 mM EDTA, 2.5 M NaCl, 1% Triton X-100 and 10% DMSO) for 30 min in the dark at 4°C. After lysis, the slides were washed with distilled H 2 O, transferred to an electrophoresis unit containing freshly prepared electrophoresis buffer (500 mM EDTA, 200 mM NaOH, (pH Ͼ13), and left for unwinding of DNA for 45 min, and the cells were electrophoresed for 15 min at 15 V. The cells were washed twice with distilled H 2 O, fixed with 70% chilled ethanol, and stained with 0.5 g/ml propidium iodide for 15 min in the dark. The slides were dried and observed using a fluorescence microscope (Nikon, Japan).
Micronuclei Assay-MV4:11 cells (3 ϫ 10 5 /well) were grown overnight in 6-well plates and treated with 0.8 units/ml EcA or variants for 48 h. Cells grown in media were used as control. The cells were then processed for micronuclei assay as described previously (33) . Briefly, the cells were arrested at the cytokinesis stage by the addition of cytochalasin-B (0.5 mg/ml) in 1ϫ PBS at a concentration of 10 g/ml, and the cells were allowed to grow for 12 h. Then the cells were trypsinized and centrifuged at 1,000 rpm for 8 min at room temperature. Cells were fixed by addition of chilled methanol and acetic acid (3:1), vortexed simultaneously, and incubated at 4°C for 1 h. The above process was repeated twice until the cell suspension appeared clear. Finally, a few drops of cell suspension were added onto the slide, air-dried, and stained with propidium iodide stain. The images were captured by Olympus BX61 fluorescent microscope using appropriate filters and analyzed by Cytovision 7.2 software.
Statistical Analysis-Significant differences between the groups were determined by one-way analysis of variance. All the statistical calculations were performed with the help of GraphPad prism version 5.0. Significance was indicated as *** for p Ͻ 0.001, ** for p Ͻ 0.01, and * for p Ͻ 0.05.
RESULTS
Selection of Amino Acid Residues for Mutagenesis-EcA is a homotetramer made up from two so-called "intimate" dimers (one consisting of subunits A and C and the other of B and D, respectively, see Fig. 1 ). In previous studies, a number of residues with crucial importance for EcA activity and stability have already been identified. Among these are residues at dimerdimer interfaces, such as Ser-122 (34) and Tyr-181 (35) . In this work, we have augmented and expanded these observations by mutating additional amino acids, including Tyr-176, a residue in close vicinity to Tyr-181, and Lys-288, which is the central residue of a strong B-cell epitope on the surface of EcA (17) . The role of Trp-66, the only tryptophan residue of EcA, was examined in connection with a study in which the movement of a mobile loop at the enzyme's active site was followed by using rapid reaction techniques (36) . It turned out that variant W66Y was only slightly impaired with regard to both stability and catalytic properties. As shown in Fig. 1 , Trp-66 is inserted between two ␣-helices near the active site of each monomer, whereas residue Lys-288 is at close proximity to the active site of the adjacent intimate subunit (i.e. in the intimate dimer AC, Lys-288 of subunit A is near the active site of subunit C).
Construction, Expression, and Purification of EcA Mutants-Mutations in the EcA-encoding ansB gene were created by sitedirected mutagenesis and confirmed by DNA sequencing. All enzyme variants were readily expressed and purified as described for wild-type EcA (21) . The resulting proteins were at least 95% pure as judged by SDS-PAGE (data not shown). Yields varied between 5 and 20 mg of purified enzyme per liter of E. coli culture. Gel filtration studies showed that all EcA variants retained their native tetrameric structure (data not shown). FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6
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Mutations in EcA Affect Both Asparaginase and Glutaminase Activity-First the effects of the mutations on the enzyme's activity were studied. The asparaginase activity of all EcA variants (assayed with AHA as the substrate) and its glutaminase side activity were assayed under physiological conditions (37°C, pH 7.4). As shown in Fig. 2 , the asparaginase activities of all variants examined were comparable with each other. Interestingly, the asparaginase activity increased and was stable for few days when the enzyme samples were preincubated with human serum (Fig. 2, A and B) . By contrast, the glutaminase activities were markedly different. All variants harboring mutations at position 176 (Y176F, Y176S, and K288S/Y176F) had much lower glutaminase activities than the wild-type EcA (p Ͻ 0.001), whereas the glutaminase activity of variant W66Y was significantly higher (Fig. 2C) . With the exception of K288S, all variants with amino acid changes at position 288 also exhibited significantly reduced glutaminase activities (p Ͻ 0.001).
Variants Y176F and W66Y Exhibit Higher Cytotoxicity against Leukemic Cell Lines-We further investigated the effect of EcA variants on cytotoxicity against leukemic cell lines MV4: 11, a B-myelomonocytic ALL cell line, and Ramos, a B-lymphocyte cell line. Nonleukemic PBMCs were used as control. Leukemic cell lines were used for the in vitro cytotoxicity assays instead of primary patient samples because cell lines are homogeneous and readily available for experimental replications. Moreover, this approach minimizes potential artifacts due to differences in the in vivo to in vitro conditions.
First the viability of MV4:11 cells was determined following treatment with different doses of wild-type EcA. The survival profiles were determined by the MTT assay, which relies on the fact that only metabolically active cells reduce MTT to a purple formazan dye. As expected, this resulted in a dose-dependent, significant decrease in the number of viable cells. For instance, treatment with 0.6 and 1.0 units/ml wild-type EcA led to a 50 and 75% reduction in cell viability, respectively (data not shown). Fig. 3 summarizes the viability of MV4:11, Ramos, and PBMC cells after treatment with 0.6 and 0.8 units/ml of EcA variants for 96 h. Interestingly, MV4:11 cells treated with 0.6 units/ml of Y176F and W66Y showed a much greater reduction in viability as compared with wild-type EcA and other variants (p Ͻ 0.001; Fig. 3A, upper panel) . Variants W66Y and Y176F decreased the number of viable cells by 78 and 76%, respectively (p Ͻ 0.001), as compared with 49% after treatment with wildtype enzyme (Fig. 3A, upper panel) . The single mutants K288S and K288R led to an approximate 60% reduction in cell viability (p Ͻ 0.01 and p Ͻ 0.05), whereas treatment with the double mutants K288S/Y176F and K288R/Y176F resulted in a 67% reduction in viability as compared with wild-type enzyme (p Ͻ 0.001). Mutant Y176S showed no cytotoxic activity at all.
Differences in cell viability were also noted at higher enzyme concentrations (Fig. 3A, lower panel) . Incubation with 0.8 units/ml of W66Y and Y176F reduced the number of viable MV4:11 cells by about 85 and 82% (p Ͻ 0.001), respectively, whereas in case of wild-type EcA about 66% reduction in cell viability was observed. Similar killing patterns were observed when Ramos cells were treated with 0.6 and 0.8 units/ml of wild-type EcA and the variants (Fig. 3B) . To address the question whether the cytotoxicity of EcA variants is preferential for leukemic cells relative to nonmalignant cells, we also studied their effect on PBMCs. No significant changes in the viability of PBMCs were observed under similar experimental conditions (Fig. 3C ).
The cytotoxicity data described above was further corroborated by scoring the number of trypan blue-positive MV4:11 cells. Because of the presence of intact cell membrane, viable cells exclude this stain, whereas dead cells appear blue in color. As shown in Fig. 3D , treatment with 0.8 units/ml EcA variants increased the number of trypan blue-positive cells as compared with wild-type EcA treatment. These results also indicate that variants Y176F and W66Y exhibit a significantly higher cytotoxic effect on leukemic cells (p Ͻ 0.001) but had no cytotoxic activity on nonleukemic cells.
K288S/Y176F Double Mutation Reduces Antigenicity of EcA-We previously identified several Bcell epitopes spanning the entire EcA sequence (19) . In this study, we selected five amino acid residues (Asn-55, Asp-204, Asp-255, Lys-229, and Lys-288, cf. Fig. 1) , which occur in different strong epitopes of EcA, and replaced them by site-directed mutagenesis. About 2,000 mutants resulting from each mutated residue were screened for reduced antigenicity using commercially available rabbit anti wild-type EcA antibody by ELISA. The variants with mutations in four epitopes, viz. Asn-55, Asp-204, Asp-255, and Lys-229 (data not shown) as well as variants Y176F, Y176S, W66Y, and K288R/Y176F, did not exhibit any significant differences in binding to rabbit anti-EcA antibody. However, binding of antibodies to the double mutant K288S/Y176F was reduced to less than 40% as compared with that of the wild-type EcA (p Ͻ 0.001; Fig. 4A ). However, the single mutation Lys-288 to Ser did not show altered binding ability to rabbit anti-EcA antibodies.
K288S/Y176F Mutant Is Less Immunogenic in Mice-To evaluate the in vivo immunogenicity, mice (five mice in each group) were first bled to prepare prebleed serum and then immunized subcutaneously with wild-type EcA and K288S/ Y176F variant emulsified in Freund's complete adjuvant. The same group of mice was reimmunized (boosting immunization) 3 weeks later (second immunization) and again after 6 weeks (third immunization) using the same immunogen emulsified in Freund's incomplete adjuvant through the same route. Then the sera from mice immunized with wild-type EcA and the K288S/Y176F variant were prepared 8 days after the second and third immunization and were used to determine the titer of IgG and IgM antibodies against the respective immunogen. All mice showed a very similar response, i.e. low antibody response to K288S/Y176F as compared with wild-type EcA, and the dose of the immunogen did not have any effect on this pattern. As shown in Fig. 4, B and C, mice immunized with K288S/Y176F variant showed ϳ10-fold lower IgG and IgM titers as compared with IgG and IgM antibody responses induced by wild-type EcA. The antibody titers against the wild-type EcA was 1:400,000 after the second immunization, which increased to 1:800,000 after the third immunization; in the case of K288S/ Y176F, the antibody titer was 1:60,000 after the second immu-nization, and it did not increase further after the third immunization.
K288S/Y176F Is Recognized Significantly Less by Serum Antibody from Mice Immunized with Wild-type EcA and Asparaginase-treated ALL Patient-Remission of ALL due to premature inactivation of EcA by antibodies remains a major problem in patients receiving EcA therapy. Moreover, the survival rate is significantly less in ALL relapse patients due to circulating antiasparaginase antibodies that neutralize EcA and reduce its efficacy. As shown above, K288S/Y176F variant showed less immunogenicity, and we therefore determined whether sera obtained from mice after the third immunization with wild- . Indirect ELISA of wild-type EcA and variants. A, microtiter plates were coated with wild-type EcA and variants (5 g/ml), probed with primary (rabbit anti-EcA), and developed by secondary (HRP-conjugated polyclonal goat anti-rabbit IgG) antibodies by the indirect ELISA method. The experiment was performed three times. B and C, immunogenicity study in mice. Microtiter plates were coated with wild-type EcA and K288S/Y176F variant (5 g/ml). Different dilutions of serum (obtained on day 74 after immunization) from mice immunized with wild-type EcA and K288S/Y176F was prepared and added to the wells in duplicate. Primary antibodies (goat anti-mouse IgM or anti-mouse IgG) and secondary antibody (HRP-conjugated polyclonal rabbit anti-goat Ig) were used. The titer of IgG (B) and IgM (C) antibodies were determined by the indirect ELISA method. D, microtiter plates were coated with wild-type EcA and K288S/Y176F (5 g/ml). Different dilutions of serum obtained from mice immunized with wild-type EcA were added to the wells. Binding of serum IgG antibody to wild-type EcA and K288S/Y176F was determined as described above. Immunization studies were repeated two times. E, microtiter plates were coated with wild-type EcA and K288S/Y176F. Appropriate dilution of serum obtained from a healthy individual, an ALL patient without asparaginase therapy (patient A), and ALL patients who were given asparaginase therapy for 5 days (patient B) and 45 days (patient C) were added to the wells. The data shown here are representative of three (n ϭ 3) patients from each group. The binding of serum IgG with wild-type EcA and K288S/Y176F was determined as described above. Mean Ϯ S.D. are shown. ***, p Ͻ 0.001. type EcA and the ALL patients (n ϭ 3) who were given asparaginase therapy for 45 days (patient C) could recognize the K288S/ Y176F mutant or not. For this, 1:10,000 to 1:200,000 dilutions of antisera prepared from mice immunized with wild-type EcA after the third immunization was reacted with the wild-type EcA and the K288S/Y176F proteins. The bound antibodies were detected as described under "Experimental Procedures." For detecting human antibodies bound to wild-type EcA and the K288S/Y176F mutant, human sera (1:100 dilution) from ALL patients were reacted and the antibodies bound to wildtype EcA and K288S/Y176F were detected as described under "Experimental Procedures." It is assumed that due to the immunogenic nature, administration of EcA will lead to antibody production in mice and in the ALL patients. Sera obtained from healthy individuals and confirmed ALL patients who received no asparaginase therapy (patient A) or received therapy for less than a week (patient B) were used as controls. In agreement with in vitro ELISA results (Fig. 4A) , we observed ϳ5and 2-fold less binding of the K288S/Y176F mutant to the sera IgG of mice immunized with wild-type EcA and from an ALL patient (patient C; p Ͻ 0.001), respectively, as compared with wild-type EcA (Fig. 4, D and E) .
Treatment with EcA Variants Induces Apoptosis in Leukemic Cells-To further understand the mechanism of enhanced cytotoxicity of EcA variants, we examined their effects on apoptosis, PARP activation and cytochrome c release in cell line MV4:11. We first investigated whether the observed cytotoxicity was due to apoptosis. Because variant Y176S did not show cytotoxic activity, it was not included in these experiments. MV4:11 cells were treated with 0.8 units/ml of wild-type EcA and variants for 96 h and then analyzed for apoptosis by annexin V/FITC and propidium iodide (PI) staining (Fig. 5A ). Living and apoptotic cells are impermeable to PI, whereas dead cells take up PI and then show red fluorescence. Annexin V binds to phosphatidylserine residues that appear on the surface of apoptotic cells. Thus, after staining a cell population with FITC annexin V and PI, apoptotic cells show green fluorescence, although dead cells show red and green fluorescence, and live cells show little or no fluorescence. After treatment with Y176F and W66Y, 23 and 20% of the cells, respectively, were positive for apoptosis (annexin V-FITC ϩ ; PI Ϫ , quadrants Q2 and Q4), whereas only 6.9% were annexin V-FITC ϩ in wildtype EcA-treated cells. No significant difference in the percentage of apoptotic cells was observed after treatment with K288S/ Y176F relative to Y176F-treated cells; however, the percentage of apoptosis in K288S/Y176F-treated cells was significantly higher as compared with wild-type EcA. In case of K288S, K288R, and K288R/Y176F, the percentage of positive cells was in the range of 12-16%. In unstimulated controls, only 2% of the cells were positive. Moreover, the fraction of dead cells (upper left quadrant) was significantly higher in cells treated with EcA variants as compared with wild-type EcA (Fig. 5A) .
W66Y Induces Apoptosis in Leukemic Blasts from ALL Patients-To determine the in vivo efficacy of the EcA variants constructed here, leukemic blast cells were isolated from confirmed ALL patients (n ϭ 5), and induction of apoptosis was determined after treatment with variant W66Y. Because of the limited cell numbers obtained from patient samples, we per-formed this experiment only with W66Y, which showed similar cytotoxic and apoptosis patterns as Y176F and K288S/Y176F. Similar results were obtained with cells obtained from all ALL patients; therefore, Fig. 5B represents the data obtained from one of the confirmed ALL patients. Consistent with the cytotoxicity and apoptosis effects observed in MV4:11 cell line, W66Y showed ϳ4-fold higher induction of apoptosis in leukemic blast cells as compared with cells treated with wild-type EcA (Fig. 5B) . Importantly, the percentage of apoptosis was significantly higher in W66Y-treated ALL lymphoblasts (18.8%) than in cells from healthy individuals (4.6%) ( Fig. 5B ), suggesting that W66Y may also kill leukemic cells in patient blood more efficiently. However, in cells from healthy individuals the percentage of apoptosis was 2.3 and 2.0%, respectively (Fig. 5C ). Table 1 shows the expression of ALL CD markers in lymphoblasts isolated from same ALL patient (cf. Fig. 5B) .
EcA Variants Induce the Formation of Apoptotic Proteins-We next investigated the effects of EcA variants on apoptotic proteins and cytochrome c release from mitochondria in the MV4:11 cell line by Western blotting. Because variants Y176F and W66Y showed similar killing and apoptosis patterns and because K288S/Y176F was found to be less immunogenic and also induced more apoptosis than the other EcA variants, we used W66Y and K288S/Y176F variants only. Both W66Y and K288S/Y176F induced expression of caspase-3, a member of the cysteine aspartic acid protease that plays a central role in induction of apoptosis, as compared with wild-type EcAtreated cells. In contrast, expression of anti-apoptotic protein Bcl-XL was significantly down-regulated in W66Y and K288S/ Y176F-treated cells (Fig. 5D ). Moreover, W66Y and K288S/ Y176F also stimulated cytochrome c release more efficiently than wild-type EcA (Fig. 5D ).
We also determined the effects of variants W66Y and K288S/ Y176F on the expression of PARP by Western blot analysis of MV4:11 cell extracts. Apoptosis was induced by exposing cells to W66Y and K288S/Y176F variants for increasing lengths of time and was confirmed by monitoring the degradation of PARP to the characteristic 89-kDa C-terminal fragment. As shown in Fig. 5D , the level of the 89-kDa fragment significantly increased after treatment with 0.8 units/ml W66Y and K288S/Y176F. These results suggest that several EcA variants, in particular W66Y and K288S/Y176F, strongly induced PARP-mediated apoptosis, leading to cytochrome c release.
EcA Variants Cause Leukemic Cell Death by Depletion of Asparagine and Down-regulate the Transcription of Asparagine
Synthase-To obtain more mechanistic insights of leukemic cell death by EcA variants, we determined the production of ammonia using Nessler's reagent. EcA hydrolyzes asparagine to aspartic acid and ammonia. Asparagine is indispensable for protein synthesis. As shown in Fig. 5E , significantly more (p Ͻ 0.001) ammonia production was observed in the presence of Y176F, W66Y, and K288S/Y176F variants as compared with wild-type EcA, indicating that EcA variants deplete asparagine more rapidly than wild-type EcA. Moreover, we also determined the expression of asparagine synthetase in EcA variant-treated MV4:11 cells. As mentioned above, ALL have lost the ability to synthesize asparagine from aspartate due to very low levels of Improving the Therapeutic Properties of EcA Mutants FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3563 asparagine synthetase. Treatment with Y176F, W66Y, and K288S/ Y176F significantly down-regulated the expression of asparagine synthetase as compared with wild-type EcA (Fig. 5F) .
Treatment with EcA Variants Arrests the Cells at the G 0 /G 1 Control Point-Previous studies have shown that EcA treatment inhibits protein synthesis and arrests the cell cycle in G 1
FIGURE 5-continued
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phase (37, 38) . We therefore studied the growth behavior of MV4:11 cells after treatment with EcA variants by flow cytometry. In agreement with previous reports, we observed cell cycle arrest at the G 0 /G 1 transition. In addition, we now report that the number of arrested cells was significantly higher after treatment with W66Y (69%), Y176F (72%), and K288S/Y176F (62.9%) in G 0 phase as compared with wild-type-treated cells (46%, Fig. 6A ). The percentage of cells arrested at different cell cycle stages in response to EcA variant treatment is summarized in Table 2 . These data demonstrate that certain EcA variants, particularly Y176F, W66Y, and K288S/Y176F, are more efficient in inducing cell cycle arrest at the G 0 /G 1 control point.
We also monitored the cell cycle progression of primary lymphocytes isolated from ALL patients. Because of limited cell numbers obtained from ALL patient samples, this experiment was performed in EcA wild-type-and W66Y-treated ALL lymphoblasts only. As shown in Fig. 6B , treatment with 0.8 units/ml W66Y arrested significantly more cells (51%) in the G 0 phase than wild-type EcA (42%).
Genotoxic Effects of EcA Variants in an ALL Cell Line-Most drugs that kill cells are causing either cytotoxicity or genotoxicity or both. To further understand the mechanisms of EcA toxicity, we used the so-called comet assay to examine Wild-type EcA, W66Y, Y176F, and K288S/Y176F variants (20 g/ml) were incubated with the substrate L-asparagine at 37°C. After 10 min, the reaction was stopped by adding 1.5 M TCA. The amount of ammonia released was determined by adding Nessler's reagent, and the absorbance was measured from 300 to 600 nm. F, expression of asparagine synthetase transcripts was measured by quantitative real time-PCR. MV4:11 cells were treated with 0.8 units/ml wild-type EcA and variants. RNA was isolated from the treated and untreated cells at different time points. cDNA was synthesized, and the expression of asparagine synthetase was determined using quantitative real time-PCR. Transcript levels are represented relative to mRNA levels of untreated (control) cells. The expression values were normalized with GAPDH. Each experiment was performed three times; means Ϯ S.D. are shown. Significant differences are indicated as follows: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
TABLE 1 Expression of ALL CD markers in the lymphocyte blast cells isolated from patient sample (cf. Fig. 5)
Flow cytometric analysis was performed by analyzing 10,000 gated cells using FACS Diva software (BD Biosciences). DNA damage in MV4:11 cells treated with W66Y, Y176F, and K288S/Y176F. The comet assay is a sensitive technique for measuring DNA damage, detecting single strand breaks in DNA. In this assay, the length of the tail increases with the extent of DNA damage. Treatment of MV4:11 cells with 0.8 units/ml of W66Y showed no increase in tail length as compared with control cells (Fig. 7A) . Similar results were obtained with K288S/Y176F (data not shown). To corroborate the DNA damage studies, micronucleus formation was also studied. 1,000 binucleated cells were analyzed for detecting micronuclei frequency in treated samples. No micronuclei formation was observed in cells treated with EcA-WT, Y176F, and W66Y (Fig. 7B) . These results indicate that EcA variants decrease leukemic cell viability predominantly by cytotoxic mechanisms.
Patient Serial No. CD markers % of expression
DISCUSSION
EcA is an important component of most protocols for the treatment of primary (39, 40) and relapsing (9) ALL. Despite FIGURE 6 . Cell cycle analysis of MV4:11 and primary lymphoblast cells isolated from ALL patient after treatment with wild-type EcA and variants. MV4:11 cells (A) and primary lymphoblasts from ALL patients (B) were cultured in complete medium for 24 h and then treated with 0.8 units/ml EcA and variants for 96 h. The cells were stained with PI and analyzed by flow cytometry. Untreated (control) cells were taken as negative control. Each experiment was performed three times.
TABLE 2 Cell cycle studies of MV4:11 cells after treatment with EcA variants
The cells were treated with 0.8 units/ml EcA variants for 96 h. Flow cytometric analysis was performed by analyzing 10,000 gated cells using FACS Diva software (BD Biosciences). significant improvements in the clinical efficacy of EcA, relapses due to premature inactivation of EcA by circulating antibodies and the resulting shorter half-life of the enzyme in vivo remains a major problem in ALL therapy. One of the key factors to avoid remissions is the effective depletion of serum asparagine, which will inhibit leukemic cell growth (41) . In the context of multiagent therapy, EcA contributes crucially to the dynamic depletion of asparagine (34, 42) . Thus, there is a critical need to improve the relevant therapeutic properties of EcA to improve the outcome of ALL chemotherapy. One strategy to augment the therapeutic efficacy is to identify amino acid residues in the EcA that are responsible for its stability and immunogenicity in vivo as well as the efficacy of leukemic cell killing.
EcA variants
Percentage of cell arrested
In this study, we used a rational protein engineering approach to create EcA variants with these desired properties. In the process, we identified amino acid residues present at the dimer interface and within immunogenic epitope regions whose substitution with another amino acid residue reduced immunogenicity and glutaminase activity and increased cytotoxicity against leukemic cells, while preserving their asparaginase activity. Interestingly, one EcA variant K288S/Y176F was recognized significantly less by serum antibodies from mice immunized with wild-type EcA and an ALL patient who has been given asparaginase therapy for 45 days.
In the EcA tetramer, the "intimate dimers" (dimers AC and BD, respectively) have two areas of contact with the noninti-mate ones that mainly involve residues 115-125 as well as 175-195 (see Fig. 1 ). In previous studies, several EcA variants with amino acid substitutions in region 115-125 have already been created and examined in previous studies (24) . As shown here, substitutions at position 176 did not impair asparaginase activity, although the glutaminase activity was markedly reduced. These results indicate that, with the exception of Y176S, the mutations made here probably did not change the overall conformation of the enzyme. It has been shown that human serum increases anti-tumor activity of EcA (43) . Addition of human serum maintained asparaginase activity of all EcA variants, indicating that serum components may cause stabilization of the asparaginase protein and thus extend its half-life.
Some side effects of EcA treatment have been attributed to its glutaminase activity (44 -47) . Therefore, attempts were made to reduce glutaminase activity of the variants and thereby toxicity (18) . In this study, no clear correlation between asparaginase and glutaminase activity of different mutants was observed. So residue Tyr-176 for which a mutation to Phe and double mutation K288S/Y176F caused significant reduction in glutaminase activity nevertheless had a slightly higher asparaginase activity and significantly improved cytotoxicity as compared with wild-type EcA (discussed below). The mutation Tyr-176 to Phe impairs turnover of the weaker glutamine substrate to a higher degree than that of asparagine. This may result from small conformational changes at a subunit interface that would FIGURE 7 . Genotoxic effect of EcA and variants in MV4:11 cells. A, comet assay, and B, micronuclei formation of wild-type EcA-and W66Y-treated MV4:11 cells. MV4:11 cells were cultured in complete medium for 24 h, then treated with 0.8 units/ml EcA and variants for 96 h, and analyzed for DNA damage by alkaline Comet assay. The cells were stained with 0.5 g/ml propidium iodide and observed using a fluorescence microscope (Nikon, Japan). Micronuclei formation was checked by PI staining. Cells were arrested at the cytokinesis stage by cytochalasin-B (0.5 mg/ml) and stained with propidium iodide stain. 1,000 cells were analyzed to check the frequency of micronuclei formation. Images were captured by Olympus BX61 fluorescent microscope and analyzed by Cytovision7.2 software. Untreated (control) cells were taken as negative control. Each experiment was performed three times. FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 affect binding or be due to an impact of mutation on the relatively solid and rigid three-dimensional structure of the active site of the enzyme, which limits the accommodation of extra CH 2 group of glutamine. Variant Y176S, although it was devoid of glutaminase activity, had a comparable asparaginase activity but significantly reduced cytotoxicity as compared with wildtype EcA. In addition to Y176F, W66Y with both high glutaminase activity and higher cytotoxicity also appears to be an effective drug. Similar observations were reported by others for an EcA variant N24A mutation that showed stable glutaminase activity and also improved cell-killing properties (48) .
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Glutamine is essential for many cell types as a major source of energy, nitrogen, and carbon (49, 50) . It is possible that glutamine metabolism links with the tricarboxylic acid cycle to maintain the availability of metabolic intermediates critical for cancer cell survival and proliferation. Indeed, glutamine addiction in cancer cells represents a potential therapeutic target (51) . This may explain why, at least in vitro, depletion of exogenous glutamine by EcA enhances cytotoxicity. Therefore, an enzyme with lower glutaminase activity but comparable cytotoxicity has potential therapeutic applications. Both asparaginase as well as glutaminase side activities are responsible for the production of ammonia. Although Y176F and K288S/Y176F mutants exhibited low glutaminase activity, high ammonia production was observed. We have seen that Y176F and K288S/Y176F are significantly more stable, show high catalytic activity, and also exhibit more asparaginase activity as compared with wild-type EcA. 3 Therefore, the increased ammonia production could be due to higher stability and asparaginase and catalytic activities.
As a bacterial protein, EcA causes undesired effects in many children, including serious allergic reactions. Therefore, we attempted to create EcA variants with reduced antigenicity relative to wild-type EcA. For this purpose, we created several thousand mutants by substituting amino acid residues by the 19 other naturally occurring amino acids in the B-cell epitope regions that we have identified previously (19) . The mutants were created by random mutagenesis of a specific amino acid residue present in different epitopic regions and selected by a replica plate method. At least 2,000 colonies resulting from each mutation were selected and tested for asparaginase activity, stability, and antigenicity. The activities of variants with mutations at Lys-288 were only slightly altered. Combining the substitution at the dimer interface (Y176F) with a second mutation in the B-cell epitope (K288S) led to the development of a less immunogenic mutant and may therefore form a basis for further studies aimed at evaluating the use of antigenically modified enzymes for therapy. In this study, we demonstrated that immunization of mice with a double mutant K288S/Y176F induced significantly less antibodies as compared with the wildtype EcA even after three immunizations. However, the antibody titers against the wild-type EcA in mice increased from 1:400,000 to 1:800,000 (almost 2-fold) between the second and third immunization, whereas in case of K288S/Y176F there was no significant increase (1:60,000) under the same condition. Interestingly, K288S/Y176F also showed significantly less binding to serum antibodies from mice immunized with wild-type EcA and ALL patients who were given asparaginase therapy for several weeks. In therapeutic perspective, this is an important finding. We have found that K288S/Y176F has reduced ability to induce antibodies in vivo in mice and binds less to existing anti-EcA antibodies present in the serum of mice immunized with wild-type EcA and in the serum of ALL patients taking asparaginase therapy. Therefore, it may prove very useful in the treatment of relapse in ALL cases. Many sensitive patients react to repeated EcA administration with the rapid formation of antibodies that bind to and thereby neutralize the activity of administered EcA, which renders the therapy ineffective. It is worth noting that Y176F and K288S as single mutants did not show reduced antigenicity. It suggests that a substitution of Tyr-176 to Phe affects the conformation of the Lys-288 epitope and thus its immunogenic properties. We have found that the single mutant Y176F is extremely stable as compared with wild-type EcA. 3 Similarly, in Erwinia chrysanthemi L-asparaginase, a mutation of Glu-288, a residue occupying a similar position as Lys-288 in EcA reduced its antigenicity by 1.5-fold (52) . Examination of the structures show that this immunodominant region near the C terminus is located at the surface of the enzyme, with a high relative flexibility, and therefore it would be expected to be more accessible for interaction with antibodies.
In the second part of this study, we explored whether mutations Y176F and W66Y as single changes or in combination show a preference in killing leukemic cells relative to normal cells. For this, we compared the cytotoxicity of these two variants in leukemia cell lines and PBMCs. In ALL cell lines, Y176F and W66Y killed significantly more cells as compared with wild-type EcA, although PBMCs were minimally affected by the same dose. The increased cytotoxicity of W66Y may be associated with high glutaminase activity, whereas the enhanced cytotoxicity due to the substitution Y176F remains to be explained. Although previous studies indicate that EcA causes DNA fragmentation at higher doses, our study shows that EcA causes cell death by inducing cytotoxicity and not by genotoxicity under these experimental conditions. Thus, the data presented here suggest that both Y176F and W66Y are superior antileukemic agents as compared with wild-type EcA. Moreover, our study confirms the previously reported lack of significant effect of EcA on nonmalignant cells (53) .
A significant induction in the apoptosis of ALL cells was observed in cells treated with Y176F, W66Y, and K288S/Y176F. W66Y and K288S/Y176F induced cell death through the mitochondrion-dependent apoptotic pathway, mediated by cytochrome c release. Previous studies have shown that after release into the cytoplasm cytochrome c initiates apoptosis by binding to apoptotic protease activating factor-1 (Apaf-1) (54). Caspase-mediated apoptotic cell death is accomplished through the cleavage of several key proteins required for cellular functioning and survival. Among these, the induction of caspases and cleavage of PARP into 89-and 24-kDa fragments by caspases is considered a hallmark of apoptosis. This occurs during drug-induced apoptosis in a variety of cells (55) by depleting the cell of NAD and ATP (56) . We found a significant increase in the level of caspase-3 and the cleaved 89-kDa fragment in W66Y-and K288S/Y176F-treated cells indicating that PARP-dependent apoptosis indeed takes place. In contrast, the expression of anti-apoptotic protein Bcl-XL was down-regulated in EcA variant-treated cells. Moreover, W66Y and Y176F also induced more apoptosis in primary ALL lymphoblasts. The above results indicate that W66Y, Y176F, and K288S/Y176F have good potential as therapeutic agents. Further mechanistic studies revealed that W66Y and K288S/Y176F variants caused rapid depletion of asparagine, which is essential for protein synthesis. Moreover, both enzymes down-regulated the expression of asparagine synthetase enzyme. It is well established that ALL lymphoblasts have lost the ability to synthesize asparagine from aspartate due to low levels of asparagine synthetase. Therefore, the blast must take asparagine from blood plasma to build new proteins. Our study suggests that EcA variants cause rapid depletion of asparagine and also down-regulate the expression of asparagine synthetase, which therefore interferes with the proliferation of the leukemic blasts and drive them to apoptosis. However, it remains to be clarified how EcA leads to downregulation of asparagine synthetase.
As mentioned above, the clinical use of EcA in the treatment of ALL is thought to be based on the degradation of L-asparagine, which is required for cell proliferation. It has been suggested that protein and DNA synthesis are delayed following EcA treatment and that the protein synthesis required to initiate or complete a phase of the cell cycle was inhibited due to L-asparagine deprivation (35, 57) . In our study, we observed that treatment of MV4:11 cells and primary lymphoblasts from ALL patients with EcA variants, in particular Y176F, K288S/Y176F, and W66Y, blocked the cell cycle at G 0 phase, although in the case of wild-type EcA, this block occurred in the G 1 phase. It appears that Y176F, K288S/ Y176F, and W66Y deplete L-asparagine more rapidly as compared with wild-type EcA and thereby block protein synthesis at the early phase of the cell cycle. It could also be due to an increase in internal protein turnover because of absence of net synthesis of proteins or blocking of de novo L-asparagine biosynthesis. Blocking the leukemic cell cycle progression at an early phase may prove crucial for ALL therapy.
In summary, we altered the properties of EcA to allow a different treatment scenario. EcA was engineered to enhance cytotoxicity against leukemic cells and to abate "silent inactivation" by decreasing immunogenicity. We further show that reduced glutaminase activity is not necessarily correlated with higher cytotoxicity (Y176F). Three variants (W66Y, Y176F, and K288S/Y176F) appear especially promising as substitutes for wild-type EcA in ALL therapy, showing a potential for therapeutic use and forming a sound basis for future clinical trials.
